The reduction of the soliton interaction by use of optical sliding-frequency second-order Butterworth filters is studied numerically. It is found that the second-order Butterworth filters can reduce the soliton interaction more effectively than Fabry -Perot filters or third-order Butterworth filters because the secondorder Butterworth filter induces larger frequency chirping on the soliton, compressing it as it propagates in the fiber after the filter. © 1996 Optical Society of America
In a long-distance soliton communication system that uses optical amplifiers to compensate for the f iber loss the limit to the bit-rate -distance product is set by the soliton-soliton interaction and the noise-induced timing jitter. A large separation between neighboring solitons is required to avoid the nonlinear interaction between them, thus reducing the bit rate. 1 On the other hand, the introduced amplif ied spontaneous emission noise (ASEN) will randomly modulate the carrier frequency of the soliton, causing timing jitter of the soliton. 2 This is known as the Gordon -Haus effect. To reduce the soliton interaction and timing jitter, an optical bandpass filter is inserted after every optical amplif ier. [3] [4] [5] The bandpass f ilter causes the center frequency of the soliton spectrum to experience more gain than the other parts, and thus the bandwidth-limited amplif ication can stabilize the carrier frequency and group velocity of the soliton. Furthermore, it is found that, if the center frequency of the f ilter is slowly sliding with the distance along the fiber, the reductions of the soliton interaction and timing jitter are better than those achieved with a filter of fixed center frequency. 6, 7 Such a filter is called a sliding-frequency f ilter. Usually a FabryPerot filter (FPF) is used as the bandpass f ilter, 6 -8 but recently an optical second-order Butterworth filter (BWF) was used in a soliton communication system. 9 In this Letter we compare the reductions of the soliton interactions by using three different sliding-frequency filters: the FPF, which can be considered a first-order BWF; the second-order BWF; and the third-order BWF. It is found that the slidingfrequency second-order BWF can reduce the soliton interaction more effectively than the sliding-frequency FPF or the sliding-frequency third-order BWF because it induces larger frequency chirping on the soliton, compressing it as it propagates in the fiber after the filter. Even when we consider the soliton interaction and the noise-induced timing jitter simultaneously, the bit-rate -distance product can be greatly increased by use of the sliding-frequency second-order BWF.
The wave equation that describes the soliton transmission in a single-mode fiber can be described by the modified nonlinear Schrödinger equation
where b 2 and b 3 represent the second-and third-order dispersions, respectively; n 2 is the Kerr coeff icient; c r is the coeff icient of the self-frequency shift; and a is the fiber loss. The coeff icients in Eq. (1) are taken to be b 2 20.638 ps 2 ͞km [0.5 ps͞(km nm)], b 3 0.075 ps 3 ͞km, n 2 3.2 3 10 220 m 2 ͞W, c r 3.8 3 10 216 (ps m)͞W, and a 0.22 dB͞km. The effective f iber cross section is 35 mm 2 . The amplifier spacing is L a 30 km, and the considered soliton pulse width is T W 20 ps. The transfer function of the optical BWF placed after every amplifier is taken to be
Here m is the order of the BWF; V v 2 v 0 , where v 0 is the original soliton carrier frequency; B is the filter bandwidth; and V f is the center frequency of the filter. For the sliding-frequency filter, V f varies along the fiber. [Note that the transfer function of the FPF can be written as Eq. (2) with m 1]. In our study the filter bandwidth is taken to be B͞2p 150 GHz.
To show the soliton interactions, we consider the transmission of the soliton bit stream (00101101110111100) and take a 3.5-pulse-width separation between the neighboring solitons to enhance the interaction. The corresponding bit rate is 14.3 Gbits͞s. It has been shown that, with respect to the reduction of the soliton interaction and timing jitter, the up-sliding-frequency f ilter is better than the down-sliding-frequency f ilter for the FPF because of the third-order dispersion of the FPF.
10,11
Here we use the up-sliding filter with a sliding rate of 4 GHz͞Mm to reduce the soliton interaction. Figures 1 and 2 show the evolutions of the soliton bit stream along the f iber for the sliding-frequency FPF and the sliding-frequency second-order BWF, respectively. One can see that the soliton interaction depends on the bit pattern. In Fig. 1 , for the case of the FPF, the two solitons with the bit pattern (0110) coalesce at ϳ 6.0 Mm, and the solitons with other bit patterns interact after this coalescence distance. For the case of the second-order BWF shown in Fig. 2 we see that the separations of the soliton are well maintained even after 15.6 Mm of transmission. Therefore the soliton interaction can be significantly reduced with the sliding-frequency second-order BWF. Without the f ilters the coalescence distance is only ϳ 3.1 Mm, but by using the sliding-frequency FPF we can reduce the soliton interaction by the bandwidth-limited amplification. 1 Comparing Figs. 1 and 2 , one can see that, by using the sliding-frequency second-order BWF, we compress the pulse width of the soliton in addition to the bandwidth-limited amplification. The pulse compression is due to the frequency chirping of the soliton that is induced by the second-order BWF. Figure 3 shows the frequency chirping of a single soliton at 2.1 Mm just after the FPF and the second-and third-order BWF's. One can see that the frequency chirping of the soliton after the second-order BWF is larger than that after the FPF or the third-order BWF. Furthermore, with the second-order BWF the frequency chirping is almost linear near the soliton peak power. Since the chirping is blue shifted the soliton is compressed in the negative-dispersion regime. With the FPF the soliton is only slightly compressed. The third-order BWF cannot reduce the soliton interaction effectively because the phase of the third-order BWF is f lat at the center of the filter. The coalescence distance for the soliton pair is ϳ3.4 Mm for the third-order BWF. Therefore, with respect to reducing the soliton interaction, the sliding-frequency second-order BWF is better than the sliding-frequency FPF or the sliding-frequency third-order BWF.
In a real system, every amplif ier introduces ASEN to the soliton when the soliton is periodically amplif ied by the optical amplif iers, and the ASEN in turn causes the timing jitter of the soliton. When optical filters are used, the extra gain must be employed to offset the loss that the solitons experience from passage through the f ilters. In Fig. 4 , using the same filter bandwidth for both filters, we show the extra gains required to overcome the loss imposed on the solitons by the sliding-frequency second-order BWF and the sliding-frequency FPF. We find that the extra gains introduced by the FPF are larger than those introduced by the second-order BWF. This difference is of practical significance because the extra gains imply that the ASEN induced by the FPF will be larger than that induced by the second-order BWF, when the filter bandwidth is the same for both. Similar results have been obtained for fixed-frequency filters. 12 Thus using the second-order BWF requires less amplifier gain than using the FPF and is preferable. Since the soliton interaction depends on the separation of the solitons, the Gordon -Haus effect inf luences the soliton interaction and complicates the problem. The ASEN power per unit frequency generated by an amplifier is P a n sp ͑G 2 1͒hn, where n sp 1.2 is the spontaneous emission factor, G exp͑aL a ͒ is the gain of the amplif ier, and hn is the photon energy. For a soliton transmission system with a 20-ps pulse width and a 3.5-pulse-width separation (14.3 Gbits͞s), a 10 29 bit-error rate corresponds to a 3.8-ps standard deviation of the timing jitter. For the up-sliding-frequency and zigzag-sliding-frequency filters with a sliding rate of 4 GHz͞Mm and a zigzag period of 9 Mm, we show in Fig. 5 the standard deviation of the timing jitter of the solitons caused by the combination of the soliton interaction and the Gordon -Haus effect. The simulated soliton bit stream consists of 512 bits that are pseudorandom and includes 256 zeros and 256 soliton pulses. Note that the initial standard deviation is not zero because of the initial overlap of the solitons. The allowed transmission distances for a 10 29 bit-error rate are 4.7, 9.6, and 2.2 Mm for the up-sliding-frequency FPF, the second-order BWF, and the third-order BWF, respectively. The allowed transmission distances for a 10 29 bit-error rate are 7.2 and 12.0 Mm for the zigzagsliding-frequency FPF and BWF, respectively.
In conclusion, we have numerically studied the reduction of the soliton interaction and the noise-induced timing jitter by a sliding-frequency FPF, a second-order BWF, and a third-order BWF. It is shown that the sliding-frequency second-order BWF is better than the sliding-frequency FPF or the third-order BWF because it induces larger frequency chirping on the soliton. The soliton is then compressed as it propagates in the fiber (with negative dispersion), and the soliton interaction is more effectively reduced.
